The apparent paradox of multiple coexisting wing pattern mimicry 'rings' in tropical butterflies has been explained as a result of microhabitat partitioning in adults. However, very few studies have tested this hypothesis. In neotropical forests, ithomiine butterflies dominate and display the richest diversity of mimicry rings. We show that co-mimetic species occupy the same larval host-plant species signif icantly more often than expected in two out of f ive communities that we surveyed; in one of these, the effect remains signif icant after phylogenetic correction. This relationship is most probably a result of a third correlated variable, such as microhabitat. Host-plant microhabitat may constrain adult movement, or host-plant choice may depend on butterfly microhabitat preferences and mimicry associations. This link between mimicry and host plant could help explain some host-plant and mimicry shifts, which have been important in the radiation of this speciose tropical group.
INTRODUCTION
A logical extension of Mü llerian mimicry theory (Mü ller 1879) is that all aposematic species in a community should converge on a single warning signal. The reality is quite different: in neotropical ithomiine butterflies (Lepidoptera: Nymphalidae: Ithomiinae), eight or more distinct mimetic patterns, or 'mimicry rings,' occur in the same community (Papageorgis 1975; Beccaloni 1997a; Joron & Mallet 1998) . Plausible explanations for some of this mimetic diversity include developmental constraints on wing pattern, weak selective pressure for convergence of abundant rings, rapid evolution of novel patterns (Joron & Mallet 1998) and, perhaps, 'escape' by betterprotected species from Batesian or more poorly protected Mü llerian mimics (Pough et al. 1973 ; but see Turner 1987) . However, mimetic polymorphisms-even within single species-suggest that additional ecological factors may be important, and another hypothesis, that mimicry rings occupy distinct microhabitats, has also been invoked (Papageorgis 1975; Mallet & Gilbert 1995; Beccaloni 1997a,b; DeVries et al. 1999) .
At least some ithomiine mimicry rings are stratified by flight height (Papageorgis 1975; Medina et al. 1996; Beccaloni 1997b) , which correlates with the height of host plants (Beccaloni 1997b) . DeVries et al. (1999) found that co-mimics tended to occur in the same areas of forest, and anecdotal observations suggest that co-mimics and host plants may occur in similar microhabitats (Haber 1978; K. R. Willmott, personal observation) . Given that predators such as birds also partition forest microhabitats (e.g. Walther 2002 ), this could contribute to the stable coexistence of multiple mimicry rings (Beccaloni 1997b) .
So far, no study has investigated links between larval host plant microhabitat and adult mimicry, but, if the two are correlated, co-mimics might also occur on the same species of host plant. Although it is difficult to obtain quantitative data on butterfly and larval host plant microhabitat associations, it is easy to obtain data enumerating larval host plants. Here, we use new and previously published data to test for a correlation between mimicry and larval host-plant species.
METHODS (a) Host-plant records
Host-plant data for ithomiines were compiled from two lowland and three lowland-montane neotropical communities that are reasonably well studied. Host-plant records from elsewhere were excluded because butterfly and plant communities vary between sites. The communities analysed are: Campinas, southeastern Brazil (Brown 1987) ; east Ecuadorian lowlands (Drummond & Brown 1987) ; northern and southern Ecuador montane (this study); and Monteverde, Costa Rica (Haber 1978 (Haber , 2003 . These five communities yield a total of 110 ithomiine species (128 taxa) from all tribes and ca. 120 host-plant species (table 1; electronic Appendix A). Host plants were identified by S. Knapp (Natural History Museum, London) and ithomiine taxa were identified by K.R.W. for the montane Ecuador datasets. Data for the remaining communities were taken unaltered from the cited publications.
(b) Mimetic classification
Taxa were assigned to mimicry complex based on several criteria, including: parallel minor geographical pattern variation between taxa (e.g. the white forewing band of certain 'clearwing' species shows parallel variation in width and opacity); close geographical and elevational range congruence; and possession of distinctive (unique or differentiating) pattern characters for that mimicry complex (Beccaloni 1997a; K. R. Willmott, unpublished data; electronic Appendix B) . These criteria often resulted in a finer-grained classification than that found by previous authors (see electronic Appendix B). It should be noted that some patterns with different names in different communities represent geographical variants, and that the sexes within species may differ in mimicry ring.
(c) Phylogenetic correction
Both wing pattern and larval host plant may be influenced by phylogeny and cannot necessarily be regarded as independent data for each species. Phylogenetic tests of pattern and host-plant correlation are currently not possible, however, because of the lack of knowledge of species-level phylogeny in ithomiines. Nevertheless, both mimicry pattern and larval host plant evolve rapidly, usually varying even within species, so the assumption that both traits are independent of phylogeny for pairs of species in different species groups within genera, as well as between genera, is reasonable. For pairs of species within species groups, where traits might be shared through ancestry and cause incorrect rejection of the null hypothesis (type I error), the raw data were reanalysed, with records of shared host plants of comimetic ithomiines excluded. By 'within-species goups' we mean species where morphological (particularly genitalic) traits have not yet ruled out the possibility that they might be sister taxa or members of monophyletic clades in which mimicry and host-plant traits are invariant (K. R. Willmott, unpublished data). This definition is conservative because it also excludes congeneric species that are almost certainly distantly related but which lack structural differences, like some Ithomia (C. Jiggins, personal communication, unpublished molecular phylogenetic analysis). In five out of the seven excluded pairs, geographical variation within at least one of the species shows that the local similarity in pattern is almost certainly a result of mimicry rather than common ancestry. We used as a test statistic the number of matches between pairs of co-mimics and host plants (m). One ithomiine species feeding on one host-plant species constitutes a single record, regardless of the number of feeding observations. Under the null hypothesis, mimicry and host-plant traits are randomly distributed among species. Therefore, to obtain an appropriate null frequency distribution for m, both mimicry complex and host plant were randomized 100 000 times with respect to ithomiine species, keeping the numbers of records for each plant and ithomiine species constant (we used a specially written program Randmim, available at http://abacus.gene.ucl.ac.uk/jim/bin/ software.html). The frequency with which the empirical value of m was equalled or exceeded in the simulated (random) datasets was interpreted as a measure of significance ( p-values in table 1).
RESULTS AND DISCUSSION
Among 281 host-plant-mimicry interactions, there were 190 possible pairwise combinations of ithomiine species feeding on the same host plant, of which 40 male and 41 female pairs matched in mimicry pattern (see electronic Appendix C). The proportion of such possible pairwise combinations with mimicry matches in the five communities varied from 37% in montane northern Ecuador to 8% in montane southern Ecuador. Three out of the five communities studied had more empirical matches than the mean of the 100 000 random datasets (table 1). Out of the observed matching pairs of species (30; electronic Appendix D), almost half were in different genera (20% within the same tribe and 27% from different tribes), with 13% of the remainder being unrelated species within a genus (figure 1; electronic Appendix D). Thus, shared descent alone could account for at most 40% of matches, and many of these may prove to be independent of phylogeny when species relationships are resolved. In the randomization analysis with the raw data, two out of the five communities-montane northern Ecuador and Costa Rica-showed a significant association between mimicry ring and host plant, rejecting the null hypothesis that these traits are randomly distributed among species (table 1: p Ͻ 0.01 for males, p Ͻ 0.05 for females). The null hypothesis was not rejected in the remaining communities. With phylogenetic correction (deletion of matches within species groups), the null hypothesis was still rejected for montane northern Ecuador (table 1: p Ͻ 0.01), but not for other communities.
A link between host-plant species and mimicry complex is most plausibly caused by a correlated third variable, microhabitat. In Ecuador, for example, Solanum species eaten by co-mimics Dircenna adina and Hyalyris ocna occur in secondary growth at forest edges, while Cestrum 'sp1' favours the shady open understorey of undisturbed forest, where its herbivore co-mimics, Godyris panthyale and Greta enigma, usually fly. Searching in particular microhabitats may help female ithomiines to locate host plants and male ithomiines to find mates (Courtney 1984; Beccaloni 1997b ). The slow flight of ovipositing females and the stationary display behaviour of courting males (Haber 1978) may further increase the chances of predation in these microhabitats. Alternatively, existing microhabitat preferences in adult butterflies, perhaps constrained by mimicry, may result in oviposition on particular host-plant species.
By contrast, the lack of correlation between mimicry and host-plant species in other communities does not prove that mimicry and microhabitat are uncorrelated there. In other words, there is no a priori reason to suppose that species that occur in the same microhabitat must feed on the same host plant: empirically, many co-mimics do feed on different host plants and, in other butterfly groups, like Heliconius (Nymphalidae), overlap in host plants among micro-sympatric species is probably actively reduced by competition (Benson, 1978; Gilbert 1991; see below) . Our results also suggest a novel ecological mechanism that might further contribute to the evolution of mimicry. If host plants are patchily distributed within forest then the abundance of adults will also vary in space, with local aggregations where host-plant density is high. If predator home ranges are also restricted, such that the principal predators in areas of high host-plant density are quickly educated to avoid a particular pattern, all species feeding on the same host plant will benefit through mimicry, even in the absence of strong host-plant or butterfly microhabitat associations.
Mimicry diversity is no doubt also maintained by mechanisms unrelated to host-plant use, and this factor, in combination with random sampling effects, must explain at least some of the variation between communities studied here. Northern and southern montane Ecuador faunas Proc. R. Soc. Lond. B (Suppl.) are similar but differ markedly in their overlap of comimics and host plants; only few pairs of co-mimics have been recorded in the latter, so that overlap is unlikely for the data so far gathered. By contrast, many ithomiines in the Brazilian community have multiple host-plant records. Some of these are probably rare hosts where links to adult mimicry may be slight, and, in addition, higher numbers of hosts per species increase the chance of matches in the randomized datasets, making rejection of the null hypothesis less likely.
Direct or apparent competition between ithomiines might also cause host-plant partitioning and thus reduce the overlap of mimicry and host-plant use in some ithomiine communities, as in Heliconius (Benson 1978; Gilbert 1991) . In Heliconius, mimicry is instead correlated with microhabitat and height of adult roosts (Gilbert 1991; Mallet & Gilbert 1995) , although examples of larval mimicry are known between species that do share host plants (Mallet & Longino 1982) . Larvae of co-mimics in the Ithomiinae are often found feeding in numbers on the same plant individual, which suggests that competition may be less important in this group than in Heliconius (see also Haber 1978) .
Even in the absence of direct host-plant-related competition, host-plant shifts may occur for a variety of reasons, including adaptation to features of the host plant, such as secondary defences or associated predators or parasitoids. If a host-plant shift places adult butterflies in a new mimetic environment, strong predator selection may drive wing pattern change. Alternatively, mimicry evolution may be driven by local variation in abundance of other co-mimics (Bates 1862), favouring subsequent shifts to new larval host plants. Correlated shifts in mimicry and flight microhabitat are likely to cause pre-mating isolation, because wing patterns function as courtship cues Jiggins et al. 2001) and because males often locate females by waiting in particular microhabitats (e.g. Shields 1967; K. R. Willmott, personal observation). Mimicry shifts also cause disruptive selection because the unfamiliar wing patterns of hybrids are not recognized and therefore not avoided by predators (Mallet & Barton 1989) . Marked geographical changes in ithomiine mimetic wing patterns occurring across the Amazon basin as if at 'an enchanter's wand' inspired Bates (1862) to formulate his theory of mimicry. Bates also saw changes in mimetic wing patterns as a prime example of how natural selection could drive speciation. Our study shows how a better knowledge of the ecology of mimicry and host-plant choice can provide insights into how adaptation may influence the diversification of these butterflies.
